The wheat insertion sequence Wis 2-IA possesses all the structural features characteristic of retrotransposons. Its long-terminal repeats (LTRs) are unusually long ( 1,755 bp) compared with those of other retrotransposons. Sequence analysis revealed that they differ from each other by only six point mutations. They contain a few tandem direct repeats, which could be explained by slippage mechanisms during replication. Almost half (44%) of the length of the LTRs is occupied by hairpin structures, which may relate to their large size. Possible origins of these inverted repeats are proposed, including the insertion and imprecise excision of transposable elements and errors when the DNA replication intermediate switches RNA template during retrotransposon replication.
Introduction
Retrotransposons are widely distributed in the eukaryotes. They have been found in organisms as different as yeast (Boeke 1989 ) , green algae (Day et al. 1988 ) , insects (Bingham and Zachar 1989) ) and plants (Johns et al. 1985; Voytas and Ausubell988; Grandbastien et al. 1989; Sentry and Smyth 1989; Camirand and Brisson 1990) . So far, only a few examples of these genomic elements have been discovered in plants, but it is likely that they are present in most, if not all, species.
Their structure resembles that of the retroviruses (reviewed in Varmus 1983; Varmus and Brown 1989) and is represented in figure la. They have long-terminal repeats ( LTRs) of variable size, which presumably can be divided into the so-called U3, R, and U5 regions, according to the initiation and termination sites oftranscription. The internal domain codes for the proteins necessary for the retrotransposons to generate new copies of themselves and to integrate into the host chromosome, i.e., a protease, a reverse transcriptase, an integrase, and an RNase H. In wheat and barley, three such elements have been found (Harberd et al. 1987; Harris 1987; Moore et al. 199 la) . One member of the wheat Wis 2 family of retrotransposon-like elements was first described by Harberd et al. ( 1987) , who isolated it from a silent high-molecular-weight glutenin gene of the variety Chinese Spring. This element was not found in the same location in the variety Cheyenne, indicating that the promoter inside the LTRs may be functional.
Sequences related to this element were found in a number of Triticeae and were estimated to be present in 200 copies/ haploid genome of hexaploid wheat (Moore et al. 199 lb) .
Here we describe the overall structure of Wis 2-l A, the wheat element inserted DNA sequences adjacent to the LTRs with potential priming sites for the initiation of the first and second strand of DNA synthesis are detailed. MET tRNA (*) = CAU wheat-germ methionine tRNA initiator (Ghosh et al. 1982) .
into the Glu-lA2 locus of Chinese Spring, and give the sequence of its LTRs. The LTRs are particularly long, and the possible origins of their size is discussed.
Material and Methods
Wis 2-1A was digested by HindIII, BumHI, and SmaI and was subcloned in the Pubs 1 plasmid vector (G. Murphy, personal communication ) . ExoIII deletions were created in double-stranded DNA in both directions after protection of the Pubs 1 primer sites by cutting close to them with restriction enzymes that left a 3 ' overhang. Digestion of the insert DNA by exonuclease III was possible after digestion of the linearized plasmid with another restriction enzyme that left a blunt end or a 5 ' overhang on the free end of the insert. Samples were taken out at appropriate time points. The singlestranded 3 ' overhang was removed by Sl nuclease, producing blunt ends. The deleted samples were then religated and used to transform competent bacteria. The overlapping fragments were sequenced using the dideoxy termination method (Sanger et al. 1977; Murphy and Ward 1990) and were compiled using the Staden programs (Staden 1982 ) on a VAX VMS computer. The sequence analysis was made using the SEQH program of the Los Alamos Laboratory (Kanehisa 1982) .
Results

Structure of Wis 2-1A
Wis 2-1 A has the characteristic structure of retrotransposons ( fig. 1 ). It possesses an internal domain of 5,114 bp flanked by two LTRs, each of 1,755 bp in length. At the site of insertion in the high-molecular-weight glutenin gene is a 5-bp duplication..
One nucleotide downstream of the 5 ' LTR is a sequence of 17 nucleotides, homologous to a methionyl tRNA initiator of wheat germ (Ghosh et al. 1952) , that could prime the initiation of the minus strand of DNA. A region of 13 purines 'n the 16 nucleotides directly upstream of the 3 ' LTR could act as a primer for the synthesis of the plus strand of DNA (Varmus 1983; Varmus and Brown 1989) . Sequences similar to integrase and reverse-transcriptase genes were found in the internal domain (Moore et al. 1991b ).
Sequence Analysis of the Wis 2-1 A LTRs
Both strands of the two LTRs of Wis 2-1A were sequenced. The nucleotide sequence of the two LTRs is given in figure 2. The two LTRs differ from each other by four transition and two transversion mutations at positions 257, 298, 399, 880, 930, and 1637 . The LTRs of Wis 2-1A have small imperfect inverted repeats of six nucleotides (TGTTGG. . . . .CCTACA) at their termini. These are characteristic of retrotransposons and probably play a role in the process of integration into the host chromosome (reviewed in Varmus and Brown 1989; Grandgenett and Mumm 1990) .
The LTRs of retroviruses and retrotransposons contain sequences that act as signals for the transcription of the integrated DNA form by RNAPolII. The RNA transcript starts within the left LTR, at the 5 ' end of the R region, and terminates at the 3 ' end of R, in the left LTR. Within U3 are the TATA and CAAT boxes, which signal the initiation of transcription and which are situated, respectively, 25-30 and 80 nucleotides upstream of the R region. Approximately 20 bp before the end of R lies a polyadenylation signal AAUAAA (reviewed in Varmus and Brown 1989) . Several putative TATA boxes can be found in Wis 2-1A LTRs, at positions 416, 873, 973, and 1306. However, no sequence corresponding to either the canonical CAAT box or polyadenylation signal can be seen. Preliminary in vivo experiments have shown that Wis 2-1A has a functional promoter even though not all consensus transcription sequences can be found in its LTR sequence (H. Lucas, unpublished data).
LTRs of retrotransposons are quite variable in size compared with their internal domain. Among eight known retrotransposons [ Ty l-9 12 (Clare and Farabaugh 1985 ) , Copia(Emorietal.1985) ,Tal-3(VoytasandAusubel1988),Tocl (Dayetal. 1988), Tnt-I (Grandbastien et al. 1989) , Bsl (Jin and Bennetzen 1989; Johns et al. 1989 ), Del (Sentry and Smyth 1989) , and Tst 1 (Camirand and Brisson 1990) ], seven have an LTR length of 274-610 bp. The eighth (Del) is 2,400 bp, making Wis 2-lA, at 1,755 bp, the second longest. Most LTRs are much shorter, and it is reasonable to assume that they have increased in length in Wis 2-1A by accumulating unnecessary sequence during evolution. The central part of the retrotransposons has a variable size of 4,000-5,000 bp, with the exception of the maize element Bsl, which has a compact size because of overlapping of its open reading frames (Johns et al. 1989) and/or because of deletions in the coding regions (Jin and Bennetzen 1989) . This might be because the sequence organization of the DNA in this region cannot tolerate too many changes.
To understand more about both the structure of the Wis 2-1A LTR and how it might have increased in length during evolution, we looked for duplications in its sequence. We were able to detect a number of imperfect direct repeats, of size range 9-24 nucleotides and located throughout the whole LTR. Only a few of them lie close together (nucleotides 108-l 14/120-126,989-1002/ 1009-1024, and 911-929/931-949) , and slippage mechanisms during replication could account for their origin, as in several other retrotransposon-like elements (Christy et al. 1985; Harris 1987) .
Comparing the LTR with its complementary strand sequence, we found a large number of inverted repeats with no or few intervening bases and capable of forming hairpin structures that we will call "dyad symmetries." These inverted repeats are quite often imperfect, but the ones underlined in figure 2 have a probability of forming, by chance, that is < 10P6, as calculated using the Needleman-Wunsch-Sellers algorithm modified by Goad and Kanehisa ( 1982) . The size of these repeats varies, from 65 bp (with 52 aligned nucleotides) for dyad symmetry 2 1 to 11 bp ( 10 aligned nucleotides) for dyad symmetry 12. Some of these dyad symmetries are flanked by more or less precise duplications of a few nucleotides (dyad symmetries 1,2 l-23,25, and 32) ( fig.  3a) . Others contain close to their axis of symmetry a few nucleotides that can be found on one of their borders in the same orientation (dyad symmetries 3, 13, 21, 28) ( fig. 3b) . Several dyad symmetries overlap each other, the best example being the four located at bp 125 1-1370. The distribution of hairpin structures through the LTR is not even. Their frequency is particularly high in the second ( 3 ') half of the LTR.
Discussion
A retrotransposon's LTRs are essential for its function because they include the transcription and termination signals, as well as other signals that may play a role in the integration of the double-stranded DNA in the host chromosome. The mechanism proposed to explain how the reverse transcriptase creates DNA copies of retrovirus and retrotransposon transcripts implies that the two LTRs of a newly synthesised double-stranded molecule should be identical; the enzyme uses the first reverse-transcribed LTR as a DNA template to generate the second one (Varmus 1983) . However, some retrotransposons have nonidentical LTRs. They can differ by a few base-pair substitutions but also by larger differences, such as the inversion found in the yeast Ty-CyC7-H2 (Errede et al. 1986 ) or such as the unusual arrangement of the TOCl element in Chlumydomonas reinhardtii (Day et al. 1988) . Among 12 other Ty elements for which the complete sequence of the two 6 sequences has been determined, only four have nonidentical pairs of 6 sequences, the maximum number of differences being 6 of 332 nucleotides (Boeke 1989 ). In the plant retrotransposons for which the LTR sequence has been determined, a similar situation exists (see table 1 ) .
The probability of incorporation of an incorrect nucleotide by the viral reverse transcriptase of the Rous sarcoma virus was estimated to be 1.4 X 10P4/ nucleotide/ replication cycle (Leider et al. 1988) ) which is much higher than the values obtained for the host DNA polymerase and which is probably due to its lack of proofreading mechanisms. The occurrence of point-mutation differences between the two LTRs of Wis 2-1 A could arise from errors in the reverse-transcription process, or these mutations could have accumulated in Wis 2-1A since its integration into the Glu-1 A2 allele of Chinese Spring. However, the insertion into the Glu-1 A2 locus may have occurred relatively recently, not providing much time for many independent mutations to occur.
For a number of studied retrotransposons, the transcription initiation and termination sites predicted by signal sequences were confirmed by analysis of transcripts (Scherer et al. 1982; Christy et al. 1985) . Nevertheless, in other cases, initiation and termination signals of retroelements are different from the initiation and termination consensus sequences found in their host (Elder et al. 1983; Arkhipova et al. 1986; Russnak and Ganem 1990) . Wis 2-1 A LTRs may therefore contain cryptic transcriptional signals. Further experiments are necessary to allow us to determine their precise localization.
The LTRs of Wis 2-1A are very large. Of those discovered so far, only those of the lily Del family are larger. The Wis 2 family of retrotransposons is probably of very ancient origin, as it is present in all the Triticeae tested (Moore et al. 199 1 b) . Its LTRs might have originally been in the region of 300-500 bp, but their size'has increased during evolution, because of the accumulation of additional DNA, created by mutation events. Any such mutation in an LTR can be transferred to the other LTR by the replication processes and by gene conversion mechanisms. Furthermore, today's elements have undoubtedly evolved by many rounds of amplification. This means that there has been the opportunity for many mutations to have accumulated. To attempt to discover whether the LTRs were particularly long because of the addition of extra DNA, the sequence was examined for repeats and other motifs that arise as a result of DNA addition. Some direct repeats/motifs were found that lie next to one another, indicating that slippage in replication or other mutations that create such duplications have occurred and been tolerated. However, the most prominent discovery is the presence of many adjacent inverted repeats. They occupy 779 bp (44%) of each LTR. They are not characteristic of the LTRs of other elements in different species or of the Wire-l element of wheat (Harris 1987) . Dyad symmetries 1, 2 l-23, 25, and 32 are bordered by small direct repeats ( fig.  3a) . The small probability that the same sequence is present at either end of an inverted repeat, plus the fact that this occurs in 6 of the 32 inverted repeat structures, implies that such repeated motifs are not there by chance but are connected with the production of the inverted repeats. The hairpins bordered by small direct repeats are very similar in structure to the ones generated by imprecise excision of Drosophila P elements (Tsubota and Schedl 1986) . They could be footprints made of inverted repeats of transposons. Although this kind of event has not yet been demonstrated in plants, one cannot exclude the hypothesis that some plant transposons are subject to the same kind of error during excision processes. The sequences of dyad symmetries 1, 2 l-23, 25, and 32 were compared with the sequence of the two transposon-like insertions found in wheat genes (Martienssen and Baulcombe 1989; Mitchell et al. 1989 ), but no sequence similarity implying homology was found. If these hairpins are due to the imprecise excision of transposons, it means that the wheat genome contains several families of unrelated transposons, as do other plant species (Fedoroff 1983; Coen et al. 1989) .
Dyad symmetries 3, 13, 21, and 28 ( fig. 3b ) have structures similar to those commonly found after excision of plant transposable elements, in that a sequence motif on one side of the dyad is also found adjacent to the central axis of the dyad (Coen et al. 1989) . They could therefore be footprints from transposable elements. According to the model published by Coen et al. ( 1989) , excision of plant transposable elements starts with single-strand cuts being made on each side of the transposon, producing two DNA molecules (for a possible origin of dyad symmetry 13, see fig. 4). The free ends of these molecules are self-ligated to form hairpin structures, which are resolved by further single-strand cuts. After resolution, the ends are ligated and generate two reciprocal products. If the second cut does not happen in the usual way at the ends of the hairpins but happens at some distance, transposon excision can generate large dyad symmetries in the plant DNA (see fig. 4 ), and they have, on one side, a few base pairs identical to the ones found next to their axis, corresponding to the duplication at the insertion site of the transposon.
Although dyad symmetries 3, 13,2 1, and 28 appear likely to have been generated by transposon excision, none of them fits perfectly the product expected from the model. Dyad symmetry 13 has the fewest deviations from the expected sequence, and it is necessary to further suggest that the G nucleotide to the left of the axis of the dyad symmetry had been inserted in the DNA after the creation of this hairpin structure, as shown on figure 4. As we have to assume in this case that the initial cuts were staggered, the putative transposon that once had been inserted in that site of the Wis 2-1 A LTR would belong to the class of elements that includes AC and Tam3. Excision of such elements is initiated by staggered rather than by blunt end cuts (Coen et al. 1989) . Dyad symmetries 3, 2 1, and 28 could have undergone a series of mutations after the same kind of events. They could also have been created by an unknown mechanism.
Most of the dyad symmetries present in the WiQ-1 A LTRs cannot be explained by imprecise excision of transposons, because they lack the short direct repeats that are formed at the site of insertion of an element. The mechanism by which reverse transcriptase makes a DNA copy of retroviruses suggests that some of these hairpins may result from mistakes during the reverse-transcription process. Panganiban and Fiore ( 1988) demonstrated that, for retroviruses, the first DNA strand is synthesized by using, most frequently, two RNA templates. From the tRNA primer, DNA complementary to the 5 ' LTR on the first mRNA template is synthesized (see fig. 1 ) either to the end or close to the end of the mRNA template, which is expected to be near the 5 ' end of the R region. The DNA fragment then hybridizes to the 3 ' LTR sequence of the second mRNA copy by R-region homology. The DNA may be displaced from the first template by RNase H degradation of the RNA. Template switching may occur before DNA synthesis is complete on the R region of the RNA template, thereby making the DNA template variable in length (Lobe1 and Goff 1985) . Following hybridization to the second template, DNA synthesis continues to produce a DNA copy containing all the sequences between the LTRs from which a full-length doublestranded DNA is synthesized with duplicated LTRs (see Panganiban and Fiore 1988 ) . We propose that some dyad symmetries may be generated during a delay in which the newly synthesized DNA molecule is finding a second molecule of RNA template, as illustrated in figure 5a . The DNA polymerase function of the reverse transcriptase would allow it to use the minus-strand DNA as a template if it is not aligned with the second molecule. Depending on the duration of the event, the hairpin thus created will be variable in length. When the DNA molecule eventually finds an RNA template, the enzyme will switch back to its reverse-transcriptase activity. Several independent events of this process during evolution of the retrotransposon family would create numerous inverted repeats that would be expected to accumulate close together and that would overlap, as in Wis 2-l A, if the switch of template tends to occur in the same part but not at precisely the same point in the R region.
A variant of this model is given in figure 5b and is based on the fact that Wis 2-1A belongs to a family of retrotransposons that contains members differing in their restriction maps (Moore et al. 199 1 b) . No sequence data have been obtained for members other than Wis 2-lA, but, owing to the very ancient origin of the Wis 2 family, one can assume that at any one time the LTRs of its members differ in sequence, because of small deletions and duplications, including inverted repeats. If different members are transcribed simultaneously, then there is the possibility of template switching between templates with sequence variation. When a DNA copy is made from two RNA molecule templates differing in their LTR sequence, some deoxyribonucleotides at or near the 3 ' end of the newly synthesized DNA might not have matching ribonucleotide sequence or could have reduced similarity to the second RNA molecule. A dyad symmetry may originate from the DNA polymerase activity of the reverse transcriptase using the deoxyribonucleotides around where there is reduced matching with the second RNA template. The reverse transcriptase would then continue to use the second RNA molecule as a template when the inverted-repeat a) FIG. K-Models to account for the generation of inverted repeats in LTR sequences during switch of RNA template by reverse transcriptase. a), Inverted repeat formation due to delay in finding second RNA template. i = elongation of minus-strand DNA from tRNA primer along 5' LTR of mRNA template; ii = synthesis of DNA complementary to minus-strand DNA. iii = alignment of minus-strand DNA to 3' LTR of its new mRNA template; and iv = new LTR sequence containing a short dyad symmetry. b), Inverted repeat created as result of major differences in two RNA templates. i = elongation of minus-strand DNA along 5 ' LTR of mRNA transcript 1; ii = creation of inverted repeat on deoxyribonucleotides nonhomologous to 3 ' LTR of transcript 2; and iii = new LTR sequence containing dyad symmetry. extension reaches the breakpoint between the two RNA molecules. The difference between the two models in figures 5a and b is that in figure 5a a delay in finding the second template is proposed, while in figure 5b a sequence mismatch in the DNA/ RNA hybrid is proposed. The two models are not mutually exclusive. New LTR sequences originating from such mistakes during switch of RNA templates would increase the size of the retrotransposon's LTRs and would create more variability in the retrotransposon family and in the wheat genome.
Thus we propose that the very long LTRs of the Wis 2-1 A retrotransposon are due to the accumulation of various mutations that lead to an increase in DNA. Some of these may involve imprecise excision of transposable elements, but others come from errors of the special replication process of retrotransposons. The products of these mutations are clearly tolerated, presumably without interfering with transcription and RNA termination, even though the inverted repeats are scattered through the LTR, with the exception of the region between bases 250 and 490. Perhaps this region contains the minimal promoter concerned with the initiation of transcription.
